Chronic suppurative otitis media (CSOM) is the most common cause of hearing disability in developing countries [1] [2] [3] [4] . In Africa, the prevalence of CSOM among schoolchildren is high with rates ranging from 16 of 1000 in Tanzania [1] to 23 of 1000 in Nigeria [2] and 24 of 1000 in Kenya [3] . Thus, an estimated 2.4 million African schoolchildren suffer from CSOM and its sequelae [4] .
Despite this burden, there are few clinic-based studies of otitis media (OM) in Africa, and there are no recent population-based studies. Thus, in a study conducted in Ilorin, Nigeria, 64 of 200 febrile children had OM, 40 (2 of 3) of whom had purulent discharge associated with a tympanic membrane perforation [5] . Likewise, in Addis Ababa, 1232 of 1360 children with OM had purulent discharge [6] . These high rates reflect the fact that early OM is not commonly recognized in Africa, and most children present late in the course of the illness when a perforation has occurred. Repeated perforations lead to subsequent scarred and sclerotic tympanic membranes. A study of 854 schoolchildren in Tanzania found such sequelae in 11% of urban and 15% of rural school children [1] .
Because CSOM most likely follows 1 or repeated attacks of acute OM (AOM) [5] , the problem of underrecognized and inadequately treated AOM would have a direct impact on the burden of chronic OM and its sequelae. The prototype of a 10-valent pneumococcal vaccine conjugated to protein D of Haemophilus influenzae (PHiD-CV) prevents AOM caused by both Streptococcus pneumoniae and nontypeable H. influenzae [6] [7] [8] and is more effective than pneumococcal conjugated vaccine (PCV7) in Indigenous Australian children in preventing CSOM [9] . Because this vaccine has recently been introduced into the routine immunization schedule in infants in Kenya, there is potential for preventing the suppurative sequelae of AOM and subsequent hearing impairment. Hence, we conducted this study in Kenyan children, with the ultimate goal of deriving a population-based estimate of childhood CSOM and hearing impairment before introduction of the PHiD-CV vaccine. We intend to follow up this baseline study in the same areas 5-6 years after vaccine introduction, to determine the potential impact of the vaccine on OME, CSOM, and on hearing impairment.
METHODS

Study Description
We conducted a prospective study between June 2012 and December 2012 to obtain the prevalence of OM and its sequelae in preschool, elementary, and secondary school students aged 2-15 years. June to October are wetter months. Ethical approval was obtained from Institutional Review Boards at the University of Nairobi and the University of Colorado Denver.
Selecting Schools for the Study
We conducted the study in 9 districts in Kenya, which were chosen using random stratified sampling. Five districts had mixed rural and urban schools, 3 were purely rural, and 1 was purely urban. In each district, a list of all public preprimary and primary schools was obtained from the office of the District Education Officer. The study excluded schools (1) with enrollment of <300 children, (2) with unique characteristics such as those for the deaf or for the blind, and (3) the top and bottom 10% of schools in size. The remaining schools were stratified according to their rural/urban status and the geographical/educational zone in which they were located within the district. A total of 6-7 schools were then proportionately and randomly selected from these district strata. In addition, eligible children attended to in the outpatient departments of the nearest public health facilities on the day of screening were referred to the schools for screening.
Selection and Description of Participants
Parents or legal guardians of children who had signed informed consent were administered a standard questionnaire by trained nurses. Their children then underwent a detailed otoscopic examination by a study clinical officer in the school classrooms. Those with a past history of ear disease and/or abnormal otoscopic findings were sent for a hearing evaluation, which was done in a quiet schoolroom within each school. If the parent indicated that the child currently had or had in the past hearing loss, ear discharge, and/or any of the problems relating to the ear or hearing, he/she was considered to have a medical history of ear problems.
Physical Examination Including Otoscopy and Hearing Screening
Six practicing clinical officers who were trained as ear, nose and throat specialists (ENTs) completed otoscopic and tympanometric examination of all study subjects. Clinical officers were retrained in standardized definitions of findings on otoscopy. Otoscopic examination was done with a headlight and Heine otoscopes. Interacoustics handheld tympanometers (Assens, Denmark) were used for tympanometery, and the type was determined as A, As, Ad, C, B, or High Volume Flat, according to the Jerger classification [10] . Those children found to have obstructive earwax or foreign bodies had their ears cleaned or foreign bodies removed. A formal audiologic evaluation was performed on select children, as described below.
Audiological Testing and Referral
The audiologist performed pure-tone audiometry, using a MAICO (Berlin Germany) Air/Bone/SP audiometer, on all children with any of the following: (1) a report of impaired hearing, (2) any abnormality seen on otoscopic examination, or (3) an abnormal tympanogram.
The hearing-screening threshold was set at 30 decibel (dB) hearing level, and air conduction testing was done through headphones at 4 frequencies: 500, 1000, 2000, and 4000 kHz. A semi sound proof room was set up in the most quiet area of the school where the ambient noise level did not exceed 30 dB.
After audiologic evaluation, parents of children found to have hearing impairment were informed and counseled appropriately. Those children in need of surgical repair of perforated ear drums, hearing aids, or any other follow up were referred to the nearest hospital with a functional ENT unit. Those children with ear infections were treated appropriately.
Definitions
Acute otitis media is defined as abnormal tympanic membrane on otoscopy and/or tympanometry (erythema of the tympanic membrane, bulging and reduced or no movement on tympanogram) with at least 1 of the following signs: ear pain or ear discharge for less than 2 weeks in absence of an otitis externa [11, 12] .
Otitis media with effusion is defined as a visually abnormal tympanic membrane on otoscopy and/or tympanometry (no perforation, but with dullness, not red, not bulging) and/or flat tympanogram [13] .
Chronic suppurative otitis media is defined as chronic inflammation of the middle ear and mastoid cavity, with otorrhea for at least 2 weeks duration through a perforated tympanic membrane. Chronic suppurative otitis media was considered to be active if there was otorrhea and inactive if there was a perforation without otorrhea and/or the presence of tympanosclerosis [14] . This World Health Organization (WHO) definition was chosen to be comparable with other studies done in developing countries [1] [2] [3] [4] [5] [6] .
Data Management and Statistical Analysis
Study data were collected and managed using REDCap electronic data capture tools hosted at the University of Colorado at Denver (Aurora, CO) [15] . SAS version 9.4 (SAS Institute, Cary, NC) and SPSS version 22 (IBM, New York, NY) were used for statistical analyses.
Rate comparisons were used in statistical evaluations of otoscopy and ear disease [16] . Confidence intervals for rates were calculated with a normal approximation to the Poisson distribution (N > 10) or an exact Poisson test (N < 10) [16] . Rates were statistically compared using a normal approximation to the binomial distribution when sufficient N, and an exact binomial test was used in all other instances [16] .
A Mantel-Haenszel χ 2 test was used to assess any statistical associations between conductive and mixed hearing loss and/or abnormal tympanogram with parent-reported ear discharge history. Children who had earwax but no ear disease and those with ear diseases were excluded from this analysis. The categories mild, moderate, severe, and profound were per WHO definitions for children and corresponded to hearing loss in the following dB ranges, respectively: 16-30, 31-60, 61-80, and >80 [17] . Hearing loss categories severe and profound were combined because the numbers were sparse.
RESULTS
We screened 13 244 children in 58 schools; 135 were lost to follow up after day 1 and 13 109 completed the study. Most (9825; 75%) of the children were from rural schools, and approximately 40% were in the 6-9 year age group with an approximately equal numbers of boys and girls in all age groups (Table 1) . Wax was found in 4.2% of children and 1.1% had a tympanic membrane perforation. Except for retracted or bulging tympanic membranes, or healed scarred tympanic membranes, which were more common in urban children (P < .05; Table 2), the rates of other otoscopic finding were similar in both urban and rural schoolchildren.
The overall prevalence among schoolchildren with AOM was 7 of 1000, 15 of 1000 for OME, and 15 of 1000 for CSOM. There was no difference in the rates between rural and urban schoolchildren for AOM (7.6 and 5.2 of 1000, respectively), CSOM (14.8 of 1000 vs 17.7 of 1000), or OME (15 of 1000) in both rural and urban areas (Table 3 ). When these rates were examined by region, however, children in the Rift Valley had a significantly higher prevalence of OME and CSOM than children in the other 4 regions combined (Table 4) . This difference was even more noticeable in rural areas (24 of 1000 vs 12 of 1000, respectively; P < .0001).
The prevalence of AOM and OME was highest in children under the age of 6 years, and it steadily declined as children got older ( Figure 1A and B). There were higher rates of CSOM (active and inactive) in the early age groups and the lowest rates in children 6-9 years of age ( Figure 1C and D) . However, subsequent to that age, the rates of active and inactive CSOM increased steadily ( Figure 1C and D) . The sequelae of CSOM (tympanosclerosis) increased steadily with age ( Figure 1E ). The rate of decline in OME, between the ages of 6 and 15, almost mirrored the increase in the rate of CSOM in those age groups ( Figure 2) .
In those children with a history of ear discharge by parental recall (N = 901), the age of onset was at about 3.5 years in 50% and before 6 years in 75% ( Figure 3A ). When we restricted the analysis to the children with an abnormal ear diagnosis (N = 239; Figure 3B ), the age of onset was before 3 years of age in 50% of children and before 5 years of age in 75%. Younger children with CSOM (<10 years) had more ear discharge than expected starting before the age of 3 years (37 of 65; 56.9%), whereas older children with CSOM (>10 years) had less ear disease than expected starting before 3 years of age (33 of 88; 37.5%) (P = .027; Mantel-Haenszel χ 2 test).
A history of ear discharge was significantly associated with abnormal tympanograms (odds ratio [OR], 11.9-19.2; Table 5 ). This also occurred in those without obvious clinical ear disease (OR, 10.4-11.5; Table 5 ). This association was even more striking with hearing loss (Table 5) . In all children with a history of ear discharge, the odds of having mild-to-severe hearing loss varied between 21.6 and the 38.6, and these results were highly significant even in children without ear disease with odds ratios ranging from 10.7 to 24.4 (Table 5) .
DISCUSSION
This study is one of the largest population-based, representative national samples of OM and its sequelae, in any developing country. Our major findings were that OM was found in 37 of 1000 schoolchildren, the majority being due to OME and CSOM (15 of 1000), with higher OME rates in younger children and higher CSOM rates in older children. A history of ear discharge, even in children with no ear pathology, predicted abnormal tympanograms and hearing loss in later childhood. Previous smaller studies done in Kenya in 1992 and 2002 showed a prevalence of CSOM of 11 of 1000 among schoolchildren in the Kiambu district (Southern Kenya) [3] and 12 of 1000 in the Kisumu district (Western Kenya) [18] . Our study, which covered a broader geographic range and larger diversity of urban and rural populations in Kenya, has confirmed a prevalence of CSOM of 13 in 8 districts but 22 in the Rift Valley. The Abbreviations: AOM, acute otitis media; CI, confidence interval; CSOM, chronic suppurative otitis media; OME, otitis media with effusion.
a Comparison of incidence rates [16] .
previous Kenyan studies [3, 18] and others from Africa [19, 20] did not include dry perforations in calculating the prevalence of CSOM, and hence our rates might be higher in older children. It is possible that dry perforations may also be sequelae of AOM in an otherwise currently healthy ear. However, overall, our rates of CSOM (15 of 1000) are consistent with rates per 1000 schoolchildren in Africa and the Middle East: Saudi Arabia 13 [21] , Gambia 15 [22] , Tanzania 16 [1] , but lower than in the Asia Pacific region: Indonesia 27 [23] , India 36-48 [24, 25] , Nepal 50-76 [26, 27] , and Solomon Islands 60 [28] .
There are African studies with higher rates of CSOM than reported here [29, 30] , which included children at the 2 ends of the age spectra that we studied. In a Nigerian study of 101 preschool children aged 3.5-6 years, the rate of perforated tympanic membranes was 119 of 1000 children [29] . In a separate Nigerian study, in children aged 9-15, the rate was 23 of 1000 children [30] . In that study, there was a clear difference in the rates in schools catering to lower socioeconomic strata (40 of 1000 vs 15 of 1000) versus schools catering to a higher socioeconomic strata, similar to a study from India [24] . We are unsure of the significance of the very high rate of perforated tympanic membrane in the former study [29] , but no other studies from Nigeria [2, 30] or other countries in Africa or Asia [3, [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] 30 ] have shown similar rates. In our study, the rates of CSOM in children under the age of 6 or in the 13-15 year age group (29.7-30.9 ) are the highest rates of all age groups (Table 3; Figure 1 ).
The effect of urbanization on CSOM was not obvious in our study as has been found in studies in Nigeria and Tanzania, where rates of CSOM were higher in rural schoolchildren than urban ones [1, 31] . A recent study by our group, conducted in 2011-2012 using the same protocol as in this study in 6 sites in Indonesia, showed an overall rate of CSOM of 17 of 1000 children, similar to the rate we found of 15 of 1000 children [23] . However, the rates of CSOM in rural Indonesia were 27 of 1000 children compared with 7 of 1000 in urban areas (P < .001). We were surprised to find that there was a strikingly high incidence of CSOM in rural areas of Bali (75 of 1000 children), with rates as high as 84 of 1000 in children aged 6-9 years. These studies were done in settings where there were obvious higher socioeconomic levels in the urban schools than in the rural schools. In this study, many of the urban areas are economically comparable with rural areas because these urban areas are in predominantly rural districts and not from large metropolitan areas, except for 1 district (Starehe), in the poorer parts of the capital, Nairobi.
However, we did find that the rates of CSOM in rural areas of the Rift Valley were twice the rate in the rest of Kenya. The rate of 24 of 1000 was similar to contemporary rates in rural Indonesia. The population in the Rift Valley comprises a high proportion of communities that lead a mostly pastoral existence. Perhaps delayed care seeking behavior underlies this observation; however, it is also possible that environmental (smoke exposure in poorly ventilated traditional huts) and other factors contribute to this high rate.
The prevalence of OME has varied in several epidemiological studies mainly due to differences in population characteristics, methodology, seasonal variations, and diagnostic criteria [13, 32] . The prevalence of 15 of 1000 found in our study is similar to the rate of 12 of 1000 found by Ogisi among 5-and 6-year-old Nigerian children [33] and 20 of 1000 in 6-and 7-year-old Chinese children in Hong Kong [34] . A recent study from China in 2902 children found that the highest prevalence of OME was in children 2 years of age at 140 of 1000 but steadily decreased to 17 of 1000 in children 7 years of age [35] . According to De Ru and Grote [36] , the greatest risk of OME is in the first 2 years of life. This age group would have been missed in our study, although we did show that children 3-6 years of age had the highest rates of OME that steadily decreased in older age groups ( Figure 1 ). In our study from Indonesia [23] , the prevalence of OME (3.8 of 1000 children) was much lower than in the present study. Perhaps this reflects on a different pathogenesis leading to CSOM in Kenya and Indonesia. Chronic suppurative otitis media can arise from nonhealing of an acute perforation of the tympanic membrane, recurrent perforations of the tympanic membrane, or superinfection of persistent OME [11] . The observation of higher rates of OME early in life, decreasing as children get older in Kenya, that correlate with increasing rates of CSOM suggest this pathway in Kenya. In addition, the observation of a later age of onset of perforation in older children with CSOM in Kenya suggests that recurrent perforations of the tympanic membrane starting in early life is uncommon in Kenyan children with CSOM. On the other hand, in Indonesia, the much lower rates of OME, but significantly higher rates of CSOM, suggests that acute perforation or recurrent perforations of the tympanic membrane might be the pathway. This might also explain the much higher rates of CSOM in rural areas in Indonesia but relatively lower rates of CSOM in both rural and urban areas in Kenya. Atticoantral disease has been associated with a high incidence of ear cholesteatoma, but acquired cholesteatoma has been reported to be uncommon in populations that have high rates of CSOM [10] . In India, atticoantral disease was seen in 7 of 1000 preschool children and 15 of 1000 primary schoolchildren [37] with similar rates being reported from Malaysia with 5.3 of 1000 [38] . In Africa, there are no prevalence data, but little atticoantral disease is seen in studies from Nigeria [39] . In a study from Sierra Leone, the rate of CSOM in 2015 children was found to be 6.4%, but only 1 child had a cholesteatoma [40] . We found 6 children with otoscopically obvious cholesteatoma in the 13 109 studied, a rate of 0.45 of 1000, compared with none of 7002 children in Indonesia [23] . Perhaps this difference reflects the different putative pathways for the development of CSOM in the 2 countries, and perhaps it explains the differences in disease presentations in Asia and Africa.
CONCLUSIONS
That CSOM has its origin in early childhood is borne out by the fact that according to parental recall, the age at first discharge was less than 3 years in 50% of children and 6 years in more than 75% in children with history of ear discharge. It is possible that some of this ear discharge might have been due to nonotopathologic causes such as cerumen, seborrheic dermatitis, etc. Nevertheless, there were significant differences in tympanometry and hearing loss in children with a history of ear discharge in the past, regardless of whether they had current ear disease. Children with a history of ear discharge have a 10-fold higher rate of abnormal tympanograms and a 20-fold higher rate of hearing loss. This would suggest that vaccination of infants with a conjugate pneumococcal vaccine, if it prevents AOM, OME, and tympanic perforations in Kenyan infants, might be a significant added benefit of pneumococcal vaccination, in preventing hearing impairment in Kenyan schoolchildren. Therefore, the implications of this study have significant global import, for policymakers in developing countries.
